An experimental study on Ypresian clays -one of the potential deep and sedimentary clay formations in Belgium for the geological disposal of heat-emitting radioactive waste -has been undertaken to systematically study its thermal conductivity using different experimental techniques. As a first step, a new experimental setup with heat flux measurement has been used and careful pre-conditioning protocols have been followed to directly measure this thermal property. The aim of these pre-conditioning tests has been ensuring a very high degree of saturation and the closure of fissures / gaps along bedding planes before the thermal tests are run under low stress conditions. Thermal tests have shown to be particularly sensitive when the thermal conductivity is determined along a direction orthogonal to these bedding planes. The study is then complemented by using a constant volume heating cell, in which heating pulse tests have been carried out under fully saturated conditions that have been ensured with a high water back-pressure.
Introduction
The thermal conductivity of soils and rocks (λ) is becoming increasingly important due to the rise of new applications in energy geotechnics, particularly in the design of energy geo-structures, energy geo-storage and deep geological disposal of heat-emitting and long-lived radioactive waste (see for instance, [1, 2, 3, 4] ).
In the case of radioactive waste repositories, the possibility of disposal facilities is currently considered in deep sedimentary argillaceous host formations (Boom Clay / Ypresian clays, Opalinus Clay and Callovo-Oxfordian Clay for the Belgian, Swiss and French potential host rocks, respectively). A characterisation of the thermal properties is required for determining the evolution of the near field temperature in the host formation around disposal galleries, as they may affect the design and layout of the repository. It is also required for assessing the perturbations that the system will undergo resulting from temperature changes over hundreds to thousands of years after waste emplacement [5] .
To deal with the thermal characterisation of these clay deposits, small scale in situ heating tests have been usually used to determine the thermal conductivity by back-analysis (see for instance, Refs. [6, 7] ). The interpretation of these tests allowed detecting a clear influence of the bedding planes on the anisotropic heat conduction properties of these sedimentary clays with bedding fabric resulting from the initial deposition and further geological processes. The anisotropy in terms of thermal conductivity arises as a combination of different factors, such as the mineralogical variation in sedimentary layering, the anisotropy of thermal properties of clay minerals, the alignment of particles with possibly anisotropy of grain-to-grain contacts and the preferential orientation of fissures. Nevertheless, as reported by Ref. [7] , the back-analysis methodology is not free of drawbacks, since a certain degree of judgment must be always put in interpreting the large amount of in situ data recorded, particularly when dealing with uncertainties of temperature sensor locations, power loss and specific heat properties.
Alternatively, laboratory tests on well preserved samples have been preferred for deeper depths -where in situ tests have not been performed -or when dealing with specific effects on thermal conductivity under better controlled conditions. Recently, Refs. [8, 9] studied the thermal conductivity of Boom Clay (retrieved from HADES Underground Research Laboratory at Mol, Belgium, at a depth of 223 m) with a needle thermal probe technique at different orientations with respect to the bedding planes. Despite the apparent simplicity and standardisation of the experimental setup used, it is important to highlight that exploring thermal conductivity features on this type of sedimentary rocks with bedding planes is not straightforward. One of the main drawbacks when laboratory tests are performed under low stress conditions refers to the possibility of opening of fissures and gaps along bedding planes that affect the correct determination of the thermal conductivity. This can be observed in Table 1 , which collects recent thermal conductivity results on Boom Clay at two different orientations using different methodologies (backanalysis of in situ and laboratory tests and direct measurements in laboratory). In the table, λ// is the thermal conductivity for heat flow parallel to bedding planes, λ  the thermal conductivity for heat flow orthogonal to bedding planes and T the thermal conductivity anisotropy ratio (T = λ// / λ  ). As shown in Table 1 , and besides differences in the temperature of the clay, values of λ// are quite similar (average value around -1 -1
Wm K
). Nevertheless, values of λ  display a larger variability, associated with additional effects besides the temperature of the medium. Back-analysed data from in situ tests tend to indicate higher values of λ  than those reported with small-scale laboratory experiments, particularly when samples present degrees of saturations Sr < 1 as a consequence of the aperture of bedding planes after the important stress relief undergone during retrieval. A similar behaviour has been also detected on retrieved cores of deeper samples of Ypresian clays (Doel, Belgium). I.N.I.S.Ma [10] studied the thermal conductivity λ  of this Belgian potential host rock at depths between 340 and 400 m using a thermal conductivity tester under low vertical stress and lateral unconfined conditions. Their study indicated relatively low values between 0.62 and 1.12 Wm
at (370±8) m, despite the high quartz content of this material (between 24% and 45% for equivalent stratigraphic levels [11, 12] ).
One of the objectives of the present paper is to give confidence on the measured data of thermal conductivity of deep sedimentary clays in the laboratory, as well as to highlight the importance of restoring full saturation. To this end, two procedures have been followed in the current research on cores of Ypresian clays retrieved at a depth around 370 m. The first uses a new experimental setup with heater and heat flux measurement on top and bottom caps, in which the thermal conductivity on two different orientations (heat flow parallel and perpendicular to bedding planes) have been explored. Since the setup uses a low confining stress, a careful pre-conditioning protocol has been followed on the retrieved samples before measuring their thermal conductivity. The aim of these pre-conditioning tests that have been run on a high-pressure isotropic cell has been to ensure a very high degree of saturation at in situ stress conditions and the consequent closure of fissures / gaps along bedding planes before performing the thermal tests. The second procedure has been followed on an axi-symmetric and constant volume heating cell, in which heating pulse tests have been carried out under fully saturated conditions with a high water back-pressure applied. Attention is focused on the time evolution of temperature along heating and cooling paths. A finite element program was used to determine the saturated thermal conductivity by back-analysis and then to simulate selected experimental results.
Material tested
Tests have been carried out on deep Ypresian clays -one of the potential Belgian host formations for disposal of high-level radioactive wastes -which are constituted by marine sediments deposited during the Ypresian Age (oldest age of the Eocene Epoch spanning the time between 56 and 47. 8 Ma) . Ypresian clays at Kallo (Belgium) are located between 300 and 450 m depth, and sample cores have been retrieved at 370 m (cores #83 and #84).
Close to this retrieval depth, the clay formation presents around 44 to 57% of clay minerals, which are dominated by smectite (64 to 66%) and illite-smectite (24%). Nonclayey fraction is constituted predominantly by quartz (37 to 43%) and plagioclase (4 to 6%) [11, 12] . Table 2 summarises the geotechnical characterisation, as well as volumetric and gravimetric properties of the studied cores. As observed in the table, some anisotropy in terms of water permeability has been detected [15, 16] .
The Ypresian clays at the depth of interest display bimodal pore size density functions obtained with mercury intrusion porosimetry on freeze-dried samples and with dominant entrance pore modes at 700 nm and 80 nm (valley between peaks at around 300 nm) [15, 16] . The smallest pore sizes (micropores with sizes < 300 nm) can be associated with pores inside the argillaceous rock matrix (clayey paste that hosts quartz and plagioclase), which account for a microporosity around nm = 0.32 (between 70% and 76% of the total one). The largest pores are related to macropores and fissures (see for instance Ref. [18] for an equivalent separation of the pore domains in Boom Clay). I.N.I.S.Ma [10] reported a microporosity (pore sizes < 30 nm) around 0.17 at the depth of interest.
The in situ condition at the sampling depth can be characterised by a vertical total stress vi = 7.4 MPa and an estimated water pressure around uwi = 3.7 MPa (vertical effective stress 'vi = 3.7 MPa). Lima [15] and [16, 19] 
induces a change in pore water pressure Table 2 (between 1.4 and 2.1 MPa, after considering the osmotic component). The large matric suction induced on retrieval cannot be sustained under saturated conditions due to the relatively low air-entry value of the material associated with the largest pore mode (air-entry value around 0.4 MPa for 700 nm). As a consequence and despite the careful sampling and trimming, some air is expected to enter the soil during retrieval, which induces the degree of saturation to decrease (refer to 3 Experimental programme for thermal conductivity measurement
Pre-conditioning of samples before thermal tests
As highlighted above, retrieved samples should be pre-conditioned to ensure a higher degree of saturation and the closure of already opened fissures and gaps along bedding planes before performing the thermal tests, which were run under relatively low stresses (compared to in situ stresses).
A total of nine samples were tested, which are listed in Table 3 . Two pre-conditioning protocols (Pr-1 and Pr-2 in Table 3 ) were followed on seven samples before the thermal tests. The remaining samples were tested under as-retrieved conditions without preconditioning protocols (W/P in Table 3 ). A high-pressure isotropic cell with axial and radial displacement transducers was used to apply the isotropic stress paths. Axial displacements were measured with an external LVDT, whereas radial displacements were registered with two opposite electro-optical laser systems placed outside the cell [25] .
Along protocol Pr-1 the sample was isotropically loaded at constant water content and controlled stress rate (38 kPa/min) to a total mean stress p = 3.5 MPa (equivalent to in situ mean effective stress). The initial suction was expected to vanish during this water undrained loading process. Afterwards, the specimen was unloaded at a faster rate (76 kPa/min) keeping both top and bottom drainage lines closed. Despite the closure of valves, it was anticipated that some air (trapped in the upper and bottom drainage lines)
could enter the soil during this matric suction increase path and thus reduce the high degree of saturation previously attained on loading. Protocol Pr-2 was therefore preferred with the aim of improving the previous one. Along this second protocol, which follows the same isotropic loading path to p = 3.5 MPa and at the same stress rate, the top and bottom lines were filled with synthetic Ypresian clay water before their closure during the fast and water undrained unloading path. Despite the increase in matric suction during this unloading path, air was not allowed to enter and a higher degree of saturation was expected closer to the one reached at the final stage of the loading path.
Experimental setup
A steady-state method based on the setup described in Ref. [26] was adopted to perform the thermal tests under relatively low stresses [27] . It was designed to apply a high temperature (around 54ºC) at the top of a cylindrical specimen (38 mm in diameter and 40 mm high) and to maintain the bottom end at a value close to 30ºC (room temperature was kept at around 20ºC). Top and bottom temperatures were regulated using thermostats that switched electrical resistances off at the desired setpoint based on values measured by thermocouples placed inside top and bottom caps. were minimised by coating the sample surface with thermal grease. To further enhance the contact between thermal caps and the sample, the whole setup was axially loaded.
Temperature evolutions in the heat flux sensors (four thermocouples) and at three internal points of the sample -located at regular intervals -were continuously monitored. Figure   1 indicates the position of the different thermocouples.
Three small-diameter holes (<1 mm) were carefully drilled in the sample and then filled with thermal grease for the installation of thermocouples. Before the thermal test, electric resistances were switched on and top and bottom caps were heated. Afterwards, the soil sample was installed in the thermal conductivity setup, and a vertical load applied to ensure better contact between caps and sample. Tests were performed with an average specimen temperature close to 43°C, with a temperature difference ΔT along the sample height around 20°C.
When applying temperature controlled conditions at the boundaries of the specimen to induce the thermal gradient, indirect processes arising as a consequence of this primary gradient evolved independently from any external control (moisture re-distribution and local soil volume changes). The temperature range applied ensured an adequate gradient for the tests, while keeping the effects of temperature dependence on thermal conductivity, as well as those arising from moisture re-distribution and local soil volume changes, as low as possible. Water contents and dry densities were measured at different heights of the sample after the thermal tests (final water contents and void ratios were slightly lower close to the top cap at high temperature).
Preliminary thermal conductivity tests
Several preliminary tests were performed to increase the know-how of the setup and to study the response of statically compacted Ypresian clay at different degrees of saturation. inflow qin and outflow qout heat fluxes referred to qin (q/qin, a measure of heat losses of the system). As observed, the system is very sensitive to vertical stress. All tests were performed at a vertical stress of 370 kPa to ensure better contact between caps and sample, as well as to limit q/qin  0.05 under steady-state conditions (usually at t > 2500 s).
To study the dependence between  and Sr in Ypresian clays, a set of thermal conductivity tests were performed on statically compacted Ypresian clay samples at the same void ratio e = 0.80 -close to in situ conditions -and at different degrees of saturations (see Table 4 ). Despite the different microstructure (pore size distribution) generated on compaction compared to the natural state, the study allows highlighting the important effect of losing full saturation during sample retrieval. Table 4 
where 's', 'w' and 'a' subscripts stand for solid, water and air, respectively, n is the porosity and Sr the degree of saturation. A value of A = 30 has been fitted for n = 0.44, which is associated with w = 0. The thermal conductivity of two natural Boom Clay samples without pre-conditioning on two different orientations (heat flow parallel and perpendicular to bedding planes at an average specimen temperature close to 43ºC) was also studied to build confidence in the experimental setup. This reference clay has been widely studied, as shown in the compilation presented in Table 1 . The sample (core 8) used in the present study was taken from a horizontal borehole (R66-67W) located at a depth of 221 m in the Mol site (HADES Underground Laboratory in Belgium). Table 2 shows the characterisation and properties of the material, which displays a fully saturated condition and thus justifies the decision made for not performing the pre-conditioning paths. Table 1 presents these thermal conductivity results together with the anisotropy ratio compared to recent published data, in which a good agreement is obtained, particularly with results from back-analyses at Sr = 1. Figure 4 shows the loading and unloading pre-conditioning paths in terms of volumetric strain and degree of saturation changes of two Ypresian clay specimens that follow protocol Pr-2: Y3-N (core axis orthogonal to bedding planes) and Y2-P (core axis parallel to bedding planes). Probably more alteration has been induced on the extraction of specimen Y2-P, which presented a lower initial degree of saturation. During isotropic loading at constant water content (AB in Figure 4 ), specimen Y3-N reached full saturation at point B. After attaining point B, the specimen was further loaded to point C and then allowed equilibrating to dissipate any excess pore pressure at p = 3.5 MPa before filling the top and bottom lines with synthetic Ypresian clay water (properties of this synthetic water are presented in Table 2 ). During the unloading path DE, the sample underwent some small expansion and some desaturation (estimated based on the assumption of constant water content during unloading). A maximum volumetric deformation of 2.10%
Experimental results: pre-conditioning paths and thermal conductivity
(positive in compression) was attained by sample Y3-N on loading, which corresponded to a void ratio change Δe = -0.037 and induced Sr to increase to 1. Sample Y2-P underwent a larger compression of 4.37%, with a corresponding Δe = -0.077 at a final Sr = 1. Table 5 summarises all the results from the loading-unloading pre-conditioning paths Pr-1 and Pr-2. It is not easy however to indicate which protocol was best suited to ensure a higher degree of saturation, since only two tests were performed with Pr-1.
Nevertheless, protocol Pr-2 was preferred, since it was expected a better preservation of the degree of saturation attained on loading (results reported in the table seem to indicate this fact with somewhat lower average expansion during unloading). /K [28] and the increase in thermal conductivity of water around 0.0015 Wm
compensates the temperature sensitivity of clay thermal conductivity.
The time evolutions of inflow and outflow heat fluxes (Eq. (2)) are plotted in Figure 6 for these two samples. Normalised heat losses q/qin are also indicated in the figure tending to < 5% under steady-state conditions, which is approximately reached at elapsed times larger than 2500 s. The evolution of Δ ⁄ with elapsed time (t > 2500 s) for the different tests performed is plotted in Figure 7 . qave represents the average inflow and outflow heat fluxes and T has been estimated using T2 and T6 (L is the sample height).
Under steady-state conditions, these plotted values represent the global (average) thermal conductivity at two different orientations of the heat flow (orthogonal and parallel to bedding planes). Table 6 that is close to the value of hydraulic anisotropy H reported in Table 2 ).
This anisotropy has been modelled using the saturated rock matrix = 2.2 Wm and T = λ// / λ  = 1.13). These values have been extrapolated to partially saturated conditions using Eq. (3) (i.e., the same effect on both orientations).
Heating cell and simulation aided techniques

Experimental setup, sample preparation and test results
A complementary approach was followed to further study the thermal conductivity using a heating cell, in which the sample was hydraulically pre-conditioned before the thermal tests to ensure full saturation. Figure 9 shows a scheme and a picture of the constant volume (isochoric) and axi-symmetric heating cell [13] [14] [15] 29] , which is used to perform A specimen of Ypresian clay was trimmed to the dimensions of the cell and tested with bedding planes orthogonal to the axis of symmetry of the heating cell (hydraulic flow orthogonal to bedding planes). Two boreholes of 1.5 mm in diameter and 10 mm in depth were drilled in the specimen to install the thermocouples (two additional boreholes 6 mm in diameter and 5 mm in depth were required to place the water pressure transducers).
Thermal grease was applied in the heater-soil contact to ensure a good thermal transfer.
For the back-analysis and the numerical simulation of the thermal results it is very important to know the exact position of the thermocouples and to ensure a correct contact with the sample.
The initial conditions of the core were w = 27.1 %, e = 0.78 and Sr = 0.96. A preconditioning protocol was therefore required to increase this degree of saturation. A backpressure of 1.0 MPa at the bottom cap (ub) was initially applied in steps, leaving the top cap (uu) under atmospheric conditions. At the end of this stage, the water permeability was measured giving a value kw  = 6.5×10 -12 m/s, which is in agreement with the information reported in Table 2 . A final hydration stage along the last 13 days and before the thermal tests was performed by increasing the back-pressure at the bottom cap (ub) to
MPa and by closing the top valve uu (this condition was kept along the heating stages).
This hydraulic pre-conditioning procedure lasted 27 days in total. 
Numerical simulations, boundary conditions and back-analysis of thermal parameters
Numerical simulations of heating pulse tests using the finite element program CODE_BRIGHT [30] were performed for the interpretation and back-analysis of the test Heat exchanged by the highly conductive stainless steel cell with the average controlled room air temperature at T0 = 20ºC was accounted for as a convection-type boundary condition of the problem. The heat flux q from the solid to the fluid can be expressed by the following equation (5) where Ts is the temperature of the metallic surface and h is the constant convective (film)
heat-transfer coefficient that is usually assumed dependent on fluid properties and temperature differences [31] . Table 7 The three-dimensional plot in Figure 12 displays the least squares differences between simulation results and experimental observations. The best agreement was obtained for parameters = 1.9 Wm [31] .
The parameter h is somewhat lower compared to the value reported for Boom Clay in ), due to the fact that the setup with Boom Clay involved a more conductive still water bath to control the temperature at the boundaries of the heating cell.
The back-analysed saturated thermal conductivity has been plotted in Figure 8 together with direct measurements. This back-analysed value measured on the transversely isotropic sample falls between the directly measured λ// and λ  , since it involves the combined contribution of the principal components of the thermal conductivity tensor (temperature evolution T2 is more associated with λ// -line source axis orthogonal to bedding planes -which is not the case for temperature evolution T3).
Back-analysed thermal parameters were used to simulate test results. Figure 13 shows a comparison (experimental and numerical results) of the time evolutions of temperatures during heating and cooling phases. Simulated results during heating under steady-state conditions matched the temperature close to the heater T1, whereas slightly underestimated the experimental records of sensors T2 and T3 (modelling results were 2.5ºC lower). These deviations can be associated with some small temperature dependence of the thermal conductivity, as well as with spurious experimental problems: small shifting of measurement points towards the heater (particularly for sensor T2 approaching a high gradient zone of 0.96ºC/mm) and interface problems across the contacts between sample and isochoric cell.
Concluding remarks
Small-scale laboratory tests on well preserved deep samples of a potential sedimentary argillaceous host formation (Ypresian clays retrieved at a depth around 370 m) for radioactive waste disposal in Belgium have been used to explore thermal conductivity features under controlled conditions. Inconsistencies in the results on different deep sedimentary clay formations with bedding planes have required developing new testing protocols to improve some shortcomings observed and thus give confidence in the measured data. These inconsistencies arise as a consequence of the opening of fissures and gaps along bedding planes during retrieval, and the consequent loss of full saturation of the material, which mainly affects the correct determination of the thermal conductivity when heat flows orthogonal to the bedding planes. This is particularly important when exploring anisotropic features, since higher anisotropic ratios have been usually assigned to these formations under small-scale laboratory conditions when compared to backanalysed data of in situ heating tests.
A first test series has been performed on a new experimental setup with heaters, local measurements of temperature at different heights of the specimen and two heat flux sensors on top and bottom caps. Pre-conditioning protocols on specimens were run on a high-pressure isotropic cell with local axial and radial deformation measuring systems.
These protocols consisted in isotropically loading to in situ mean stress conditions to increase the degree of saturation, followed by unloading under water-undrained
conditions. An improved protocol used drainage lines filled with synthetic water of the formation before the unloading stage to avoid any air to enter. These protocols ensured higher degrees of saturation and some closure of fissures / gaps along bedding planes before the thermal tests.
A second series has been followed on an instrumented heating cell -with several ) and with a thermal anisotropy ratio T = λ// / λ  = 1.16. This higher thermal conductivity was also consistent with the value reported when using back-analysis methodology in the constant volume heating cell, which involved the combined contribution of the principal components of the thermal conductivity tensor (the back-analysed value measured on the transversely isotropic sample falls between the directly measured λ// and λ  ). The water used in the tests was synthetically prepared in laboratory with a similar composition to the in situ one. The Synthetic Ypresian Clay Water is mainly composed of NaCl (0.118 mol/L) with some Na 2 SO 4 (0.006 mol/L) 
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